The mesencephalic locomotor region (MLR), which includes the pedunculopontine nucleus (PPN) and the cuneiform nucleus (CN), has been recently identified as a key structure for locomotion and gait control in mammals. However, the function and the precise anatomy of the MLR remain unclear in humans. To study the lateral mesencephalus, we used fMRI in 15 right-handed healthy volunteers performing two tasks: imagine walking in a hallway and imagine an object moving along the same hallway. Both tasks were performed at two different speeds: normal and 30% faster. We identified two distinct networks of cortical activation: one involving motor/premotor cortices and the cerebellum for the walking task and the other involving posterior parietal and dorsolateral prefrontal cortices for the object moving task. In the lateral mesencephalus, we found that two different but anatomically connected parts of the MLR were activated during the fast condition of each task. The CN and the dorsal part of the PPN were activated during the fast imaginary walking task, whereas the ventral part of the PPN and the ventral part of the reticular formation were activated while subjects were imagining the object moving fast. Our data suggest that the lateral mesencephalus participates in different aspects of gait in humans, with the CN and dorsal PPN controlling motor aspects of locomotion and the ventral PPN being involved in integrating sensory information.
Introduction
The mesencephalic locomotor region (MLR), which includes the pedunculopontine nucleus (PPN) and the cuneiform nucleus (CN), is important for gait in mammals. The MLR receives inputs from the cortex, the basal ganglia, and the cerebellum, and projects to ascending thalamocortical and descending reticulospinal pathways. This unique anatomical position suggests that the MLR integrates diverse information to produce locomotion (Takakusaki, 2008; Alam et al., 2011) .
The PPN and CN were identified in humans (Olszewski and Baxter, 1954) as groups of cholinergic, glutamatergic, and GABAergic neurons located in the reticular formation. The cholinergic neurons serve to delineate PPN boundaries, identifying a pars compacta (richer in cholinergic neurons) and a pars dissipata (Mesulam et al., 1989) . The CN lies dorsal to the PPN and ventral to the colliculi but both nuclei are difficult to delineate because of a lack of clear boundaries. Functionally, lesions of the anterior MLR in animals induce motor disabilities ) whereas lesions of the posterior MLR induce cognitive dysfunction (Alderson et al., 2008) . More specifically, a PPN cholinergic lesion is sufficient to induce gait deficits in monkeys (Karachi et al., 2010) . Moreover, patients with Parkinson's disease (PD) including cholinergic cell loss show more severe motor disabilities with gait disorders (Rinne et al., 2008; Bohnen et al., 2009) . Recently, PPN stimulation has been proposed to treat freezing of gait in PD patients with the aim of stimulating remaining neurons. Despite promising initial results (Mazzone et al., 2008) , further clinical studies showed only mild alleviation (Ferraye et al., 2010; Moro et al., 2010) , suggesting that a better understanding of the MLR is necessary (Mazzone et al., 2011) . Therefore, we studied the MLR in normal subjects using fMRI, seeking a functional parcellation that could provide a better delineation of the areas involved in the motor aspects of gait control.
We used a validated task of imagery of gait (Bakker et al., 2008) and adapted it (Normal and Fast conditions). Imagination of gait is well known to reveal a motor/premotor network in fMRI (Iseki et al., 2008) . Activations are also found in the midbrain tegmentum and the pontomesencephalic region (Jahn et al., 2004; la Fougère et al., 2010) . More precisely, mesencephalic activations are observed during the imagination of running (Jahn et al., 2008) and the imagination of gait in PD patients with freezing (Snijders et al., 2011) . Moreover, it has been shown that increasing stepping frequency increases the activity of PPN neurons recorded in PD patients undergoing PPN deep brain stimulation (Piallat et al., 2009) . Initiation and velocity seem to be important gait parameters, which enhance activation in the MLR. Since the MLR is also involved in cognitive functions (Stefani et al., 2010) , we added a control task consisting of imagining an object moving with the same spatiotemporal context. Knowing that in animals, the anterior MLR is related to motor control and the posterior MLR is involved in cognitive functions, we hypothesized that we could obtain a similar parcellation in humans. Some of the results of this study were previously reported in Karachi et al. (2010) .
Materials and Methods
Subjects. Fifteen healthy volunteers (mean age: 24.7 Ϯ 1.3 years; 7 females, 8 males) participated in the fMRI experiment. The local ethics committee approved the study, and we obtained written informed consent from all subjects in accordance with the Declaration of Helsinki. All participants were consistent right-handers (Edinburgh Handedness Inventory mean score: 89.88 Ϯ 2.91%) (Oldfield, 1971) .
Experimental tasks. We used a modified version of a previously validated paradigm of imaginary gait and object movement (Bakker et al., 2008) . Subjects were trained to perform both tasks at two different speeds (normal and 30% faster) as described previously (Karachi et al., 2010) . After training, subjects first saw a written instruction on a screen in the MRI scanner [Normal IG (imagery of gait), Faster IG, Normal IOM (imagery of object moving), Fast IOM]. Subjects were then instructed to close their eyes and press a button to signal that they had started to imagine the required task. Stimulus presentation was controlled using a PC running Cogent software. Motor responses (button presses with the right thumb) were recorded via an MRI-compatible one-button stick (Current Designs). The IG and IOM trials (80 trials, 20 per condition) were performed in two runs of ϳ15 min each. For each run, the trial order was pseudorandomized across the experimental factors (i.e., IG or IOM and normal or faster speed).
Data acquisition. Imaging data were collected at the Centre for NeuroImaging Research of Pitié-Salpêtrière Hospital using a 3 tesla Siemens Trio scanner. T2*-weighted echo-planar images depicting BOLD contrast were acquired in a single session (echo time, 30 ms; repetition time, 2.8 s; 40 coronal slices, interleaved acquisition; voxel size, 1.6 ϫ 1.6 ϫ 1.6 mm 3 ; field of view, 204.8 mm 2 ). Positioning and orientation of this field of view (FOV) was carefully set up to include both the MLR and the sensorimotor cortex including the supplementary motor area (SMA). This was done by orienting, on a sagittal view, the FOV parallel to the floor of the fourth ventricle. High-resolution anatomical images were acquired using an MPRAGE sequence (echo time, 4.18 ms; repetition time, 2.3 s; 176 sagittal slices; voxel size, 1.0 ϫ 1.0 ϫ 1.0 mm 3 ; field of view, 256 mm 2 ). Data preprocessing. Imaging data were preprocessed with SPM5 statistical parametric mapping software (http://www.fil.ion.ucl.ac.uk/spm) implemented on MATLAB (MathWorks). Images were corrected for differences in timing of slice acquisition, followed by rigid body motion correction. The motion parameters for translation (x, y, z) and rotation (yaw, pitch, roll) were included as covariates of noninterest in the general linear model. Following the coregistration of functional and structural images, the anatomical images were segmented and normalized to stereotactic Montreal Neurological Institute (MNI) space. Functional images were then normalized using the same normalization parameters and smoothed with a 10 mm full-width at half-maximum isotropic Gaussian kernel. The time series were high-pass filtered (to a maximum of 1/128 Hz) to remove low-frequency noise.
Data analysis. The four event types of the 2 ϫ 2 factorial experimental designs were modeled: Normal IG, Fast IG, Normal IOM, and Fast IOM. The average hemodynamic response to each event type was modeled using a canonical, synthetic hemodynamic response function (Friston et al., 1998) . Events were treated as delta-functions (duration ϭ 0) and onsets were aligned to the button press marking the onset of imagery. Effects of interest were examined in each subject using linear contrasts. The resulting subject-specific contrast images were then entered into second-level random-effects analyses using one-sample t tests. Since we had strong a priori hypotheses regarding the involvement of the MLR during imaginary gait, a threshold of p Ͻ 0.001 (uncorrected for multiple comparisons; cluster size Ͼ30 voxels) was chosen.
Results

Behavioral data
There were no significant differences in the imagery times between the IG and IOM tasks (F (1,11) ϭ 0.011, p ϭ 0.92). In both tasks, the faster speed resulted in shorter imagery times (F (1,11) ϭ 9.5, p ϭ 0.003). There was no significant task-by-speed interaction (F (1,11) ϭ 0.016, p ϭ 0.899).
Functional MRI data
Cortical activations Imagery of gait: IG versus IOM.
The comparison between the IG and IOM conditions (IG vs IOM) yielded significant activations, mainly in a network of motor-specific brain regions. These clusters of activation included bilateral premotor cortex in the precentral gyrus, the SMA in the frontal part of the paracentral lobule (Brodmann area 6), the anterior lobes of the cerebellum bilaterally, the left parahippocampal gyrus (Brodmann area 37), the left posterior cingular sulcus (Brodmann areas 23), the right superior temporal gyrus (Brodmann area 22), the right and left precuneus (associative visual cortex, Brodmann Area 19), the superior frontal gyrus (frontal eye field, Brodmann area 8), and the left thalamus. Results are given in MNI coordinates and corresponding approximate Brodmann areas in Table 1 (Table 1 ; Fig. 1 B;  Fig. 2, yellow) . This effect was also significant using a more controlled regional analysis of voxels in a 8 mm radius centered on left MLR [x ϭ Ϫ5, y ϭ Ϫ26, z ϭ Ϫ10; coordinates obtained from the contrast (Fast IG vs Normal IG)], using a small volume correction to maintain family-wise error at 5%.
Imagery Fig.  1 B; Fig. 2, blue) . This effect was also significant by a more controlled regional analysis of voxels in a 8 mm radius centered on left MLR [x ϭ Ϫ8, y ϭ Ϫ21, z ϭ Ϫ16; coordinates obtained from the contrast (Fast IOM vs Normal IOM)], using a small volume correction to maintain family-wise error at 5%.
Task-by-speed interaction
The whole-brain analysis did not highlight any significant (at the threshold of p Ͻ 0.001) task (IG, IOM) by speed (Normal, Faster) interaction effects because the individual significant clusters in the midbrain are small and do overlap. However, to avoid the possibility to miss a relevant interaction effect, we extracted the fMRI activity in two specific and nonoverlapping areas of the MLR (x ϭ Ϫ5, y ϭ Ϫ26, z ϭ Ϫ10; x ϭ Ϫ8, y ϭ Ϫ21, z ϭ Ϫ16) at the locations of the peak activation for the contrasts (Fast IG vs Normal IG) and (Fast IOM vs Normal IOM) (Table 1) , respectively. For each of these two areas, we performed a two-by-two ANOVA with task (IG, IOM) and speed (Normal, Fast) as factors, which revealed a significant task-by-speed interaction effect in the first (F ϭ 8.49; p ϭ 0.0113) but not in the second (F ϭ 0.51; p ϭ 0.4874) area. These results confirm the specific functional involvement of each MLR cluster in both tasks. Figure 2 shows the MRI parcellation of the human lateral mesencephalus with CN and PPN superimposed using a deformable 3D anatomical atlas Bardinet et al., 2009 ).
Anatomical location of activations in the lateral mesencephalus
Discussion
We identified a gait network using fMRI in healthy volunteers performing a validated imagery of gait task. This gait network includes several motor regions such as motor and premotor cortices and SMA. The bilateral activation in the motor cortex involved the area devoted to the lower limbs representation of Penfield (1954) , confirming that subjects performed the task. These data are in line with prior work demonstrating that imagery of gait is a good tool to study real locomotion (Wang et al., 2009) , even if some differences exist (Fink et al., 1997; la Fougère et al., 2010) . As illustrated on Figure 1 A, the upper activations associated with the imagery of gait task are located, compared with the Penfield's (1954) homunculus, in motor cortical areas corresponding to the pelvic belt and upper muscles of the lower limbs, which are involved in the initiation and the continuing execution of gait. We also found a significant activation in the cerebellum, which is well known for controlling posture and locomotion in humans and animals. As shown in decerebrate cats, (PPNv), parts of the pedoculopontine nucleus) and the substantia nigra (SN). To better understand the overlap between the activations and the nuclei, we show three viewpoints of the nuclei (top) and the same viewpoints with the activations together with the nuclei (bottom). The orientation of the viewpoints is indicated by the arrows (red, right to left; green, back to front; blue, top to down). In the right column, the viewpoint is strictly sagittal, the horizontal line representing the transverse MRI section visible on the two other viewpoints at the level of the ventral PPN. The nuclei come from the 3D histological and deformable YeB atlas Bardinet et al., 2009 ). This atlas has been mapped onto the MNI152 template through a validated intensity-based deformation procedure that is adapted to subcortical structures. microstimulation of the vermis increase the postural muscle tone (Mori et al., 2000) . Also part of this network, we found activations in the cingulate cortex, which has been previously associated with the mental representation of motor action (Jeannerod and Decety, 1995) .
At the brainstem level, we found a significant activation in the MLR, which was only apparent when subjects performed the fast condition of the IG task. This activation was localized in the left CN and dorsal PPN. This unilateral activation suggests a dominance of left mesencephalic area for gait control in our righthanded subjects. This left dominance may be due to the possibility that some higher-order motor functions are more controlled by the left hemisphere for both left-and right-limb movements (Haaland et al., 2000; Janssen et al., 2011 ), but we cannot exclude that it is due to the global dominance of the left side of the brain in our right-handed subjects. This CN and dorsal PPN activation suggests that this specific MLR area is involved when the velocity of gait changes. This speed effect was already noted in previous fMRI studies in which large mesencephalic activations were observed while healthy volunteers were imagining themselves running (Jahn et al., 2008) .
It is worth considering the fact that, as we modeled the imagery trials with a delta-function (peak at 6 s after onset), there might be a difference between the fastest trials, for which the different steps of the trials (initiation, acceleration, and termination) would be all modeled, and the longest trials, for which the termination step would not be systematically modeled. We cannot exclude an effect of this difference on the activity in MLR. In the fast condition of IG, the acceleration is also greater than in the normal IG. The MLR activation could also be related to this change in the initiation of the gait program rather than the velocity itself. This would be in line with the idea that changing and/or adapting gait could activate the MLR and not the automatic gait program itself (la Fougère et al., 2010) . This interpretation could also explain why a similar activation has been found in patients with freezing of gait (Snijders et al., 2011) , a model of a total lack of initiation of the gait program.
The CN and the dorsal part of the PPN appear to be part of the gait motor/premotor network. This idea is motivated by early observations that electrical stimulation in the MLR of cats can drive the transition of stepping frequency from a walk to a gallop (Shik et al., 1966; Grillner, 1981; Mori et al., 1989) . More specifically, stimulating the CN has been shown to produce locomotion whereas stimulating the PPN produced change in muscular tone (Jordan et al., 2008; Takakusaki, 2008) . In addition, electrophysiological recording during deep brain stimulation (DBS) in PD patients have shown that individual dorsal PPN neurons increase their firing rates with increased stepping frequency (Piallat et al., 2009) . A direct monosynaptic pathway linking CN/PPN and motor cortices has been demonstrated in monkeys using tract tracing and diffusion tensor imaging (Aravamuthan et al., , 2009 Muthusamy et al., 2007) . Our finding supports the idea that this part of the MLR controls motor aspects of gait in humans and could help to target the lateral mesencephalus for DBS in PD patients with gait disorders. Indeed, the PPN has been recently proposed as a target for deep brain stimulation to alleviate gait disorders in PD patients. The first studies using DBS to treat advanced PD patients concluded that low-frequency stimulation of the PPN could be effective to control freezing of gait and falls (Mazzone et al., 2005) , although the precise electrode localizations have been debated, leading to some uncertainty regarding these first clinical results (Yelnik, 2007) . Three years later, two double-blind controlled studies in six PD patients concluded that freezing of gait can be mildly improved by PPN stimulation but the overall results remain disappointing (Ferraye et al., 2010; Moro et al., 2010) . These heterogeneous outcomes emphasize the need to determine the optimal surgical target within the MLR. It may be the case that treating PD patients suffering from failure of gait initiation versus falling may require specifically targeting the CN and the dorsal part of the PPN, respectively.
Using the IOM task, we also identified brain areas that are important for maintaining and using spatial information. At the cortical level, the comparison between brain activity associated with IOM and IG conditions highlighted a network that included two specific regions: the lateral intraparietal (LIP) area within the posterior parietal cortex and the dorsolateral prefrontal cortex (DLPFC). It is well established from studies in monkeys and humans that the posterior parietal cortex, and more specifically LIP, is crucial for spatial attention (Corbetta et al., 2002; Bisley and Goldberg, 2003; Owen et al., 2006) . Attending to and tracking an object in space also involves working memory (Ricciardi et al., 2006; Offen et al., 2010) , which may explain the DLPFC activation in our IOM task.
At the brainstem level, we found an activation in the MLR associated with fast IOM versus normal IOM. This activation is located more ventrally and more anteriorly to the one corresponding to fast IG versus normal IG. Anatomically, this cluster of activation includes the ventral part of the PPN and extends ventrally into the medial reticular formation and includes also a small lateral part of the substantia nigra pars reticulata. This specific area of the mesencephalus may be involved in integrating salient environmental information during gait. Interestingly, one portion of this ventral part of the PPN is active during both motor and nonmotor imagery. This may be explained by the fact that controlling gait requires continuous adjustments to spatial cues to smoothly adapt locomotion to changing environmental conditions. This highly integrative region in the MLR might correspond to the pars compacta of the PPN that is richer in cholinergic neurons and known to be involved in both motor and nonmotor functions, as already demonstrated in animals (Kobayashi and Isa, 2002; Winn, 2008; Karachi et al., 2010) and in humans (Rinne et al., 2008; Stefani et al., 2010) . Moreover, cholinergic neurons have been shown to degenerate in progressive supranuclear palsy and PD (Hirsch et al., 1987) , especially in patients with axial symptoms (Karachi et al., 2010) , and it is well known that these patients also develop cognitive impairments (Vandenbossche et al., 2011) . We suggest that one of the pathophysiological mechanisms involved in gait and cognitive dysfunctions could involve these cholinergic PPN neurons.
